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(54) Battery diagnosis device and method
(57)  Anapparatus is disclosed that includes a resist-

ance measuring unit (122) operable to determine a so-
lution resistance Rsol and a charge transfer resistance
Rest of a battery (201); and at least one computer-read-
able non-transitory storage medium (213) comprising
code, that, when executed by atleast one processor (122,
210), is operable to provide an estimate of the present
value of the battery (201) by: comparing Rsol and Rct to
historical deterioration transition information; estimating
the number of remaining charge cycles before a dis-
charge capacity lower limitis reached by the battery (201)
using the comparison; and estimating the number of re-
maining charge cycles before a discharge time lower limit
is reached by the battery (201) using the comparison.
The estimate of the present value of the battery (201)
includes the smaller of the number of remaining charge
cycles before a discharge capacity lower limit is reached
or the number of remaining charge cycles before a dis-
charge time lower limit is reached.
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Description

TECHNICAL FIELD

[0001] The present disclosure relates to a technique
and apparatus for determining the deterioration state and
the present value of a battery.

BACKGROUND

[0002] A battery mounted in an electric vehicle (EV) is
expensive, and the ratio of the price of such a battery to
the price of an electric vehicle is higher than the ratio of
the price of a battery to an electronic device such as a
notebook computer or a portable telephone. For exam-
ple, some people point out that the biggest factor in the
high costs of electric vehicles is the expensive batteries.
Therefore, when electric vehicles are put on a second-
hand car market, it is essential to know the present price
of each battery.

[0003] However, the degrees of deterioration of bat-
teries vary with the states of usage, and the values of
those batteries cannot be calculated simply from the age
of service or the number of charge and discharge cycles.
Therefore, it is difficult to set the present price of each
battery on a secondhand car market or the like.

[0004] To counter this problem, there have been var-
ious kinds of suggestions made about methods of deter-
mining the degree of deterioration of a battery.

[0005] For instance, methods of determining the de-
gree of deterioration of a battery using the internal resist-
ance of the battery have been proposed. In other pro-
posals, the present capacity of a battery is determined
from the cumulative value of charged/discharged current,
and the ratio of the present capacity to the initial battery
capacity is calculated to determine the degree of deteri-
oration.

[0006] However, a battery’s internal resistance com-
ponents that affect the battery capacity and power are
not only the DC resistance that is the resistance compo-
nents of an electrolytic solution. Therefore, it is difficult
to predict a future deterioration tendency by a determi-
nation method using only the DC resistance components.
[0007] Also, if the histories (the deterioration patterns)
that indicate how batteries with the same battery capac-
ities have deteriorated differ from each other, the deteri-
oration states in the future will not necessarily be the
same as each other. Therefore, a present value deter-
mined only from the degree of deterioration based on the
battery capacity can be unreliable.

[0008] Normally, a battery to be mounted in an electric
vehicle is required to show high performance such as a
large current and a large capacity, compared with bat-
teries to be used for other purposes. Therefore, batteries
that have been used in vehicles but no longer satisfy
those high requirements might still sufficiently fulfill other
purposes

[0009] Since batteries that are already useless in ve-
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hicles can be useful for other purposes, the present price
of each battery needs to be determined by taking into
consideration the purpose of future use of the battery
[0010] As described above, there is a demand for a
method of determining the deterioration state of a battery
with high precision and a rational indicator of the present
value of the battery according to the purpose of future
use.

SUMMARY

[0011] In some embodiments, an apparatus is dis-
closed that includes a resistance measuring unit opera-
ble to determine a solution resistance Rsol and a charge
transfer resistance Rct of a battery (201); and at least
one computer-readable non-transitory storage medium
(213) comprising code, that, when executed by at least
one processor (122, 210), is operable to provide an es-
timate of the present value of the battery (201) by: com-
paring Rsol and Rct to historical deterioration transition
information; estimating the number of remaining charge
cycles before a discharge capacity lower limit is reached
by the battery (201) using the comparison; and estimating
the number of remaining charge cycles before a dis-
charge time lower limit is reached by the battery (201)
using the comparison.

[0012] The apparatus may also include an AC oscil-
lator that sweeps AC voltages at a plurality of frequencies
and applies the AC voltages to both ends of at least one
battery; and a voltage measuring unitand a current meas-
uring unit that respectively measure a voltage change
and a current change caused at the both ends of the at
least one battery at each of the frequencies, wherein the
resistance component determining unit determines an
impedance of the battery at each frequency as a complex
representation from the measured voltage change and
the measured current change at each of the frequencies,
and determines the solution resistance Rgp, and the
charge transfer resistance Ry of the battery so that an
impedance of an equivalent circuit containing Rgg, and
Rcr is fitted to the impedance in the complex represen-
tation.

[0013] The apparatus may also include an AC oscilla-
tor that applies AC voltages having sine waves superim-
posed thereon at a plurality of frequencies, to both ends
of at least one battery; and a voltage measuring unit and
acurrentmeasuring unit that respectively measure a volt-
age change and a current change caused at the both
ends of the at least one battery with the applied AC volt-
ages, wherein the resistance component determining
unit determines an impedance of the battery at each fre-
quency as a complex representation by performing Fou-
rier transformations on waveforms of the voltage change
and the current change, and determines the solution re-
sistance Rgp, and the charge transfer resistance R of
the battery so that an impedance of an equivalent circuit
containing Rgo and Rqy is fitted to the impedance in the
complex representation.
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[0014] The apparatus may also include a charge-dis-
charge unit that performs charging and discharging on a
battery pack containing at least one battery, wherein, in
determining Rgp and Rcy, the resistance component
determining unit controls the charge-discharge unitto ad-
just a state of charge SOC of the battery pack to approx-
imately 50%. The estimate of the present value of the
battery comprises the smaller of the number of remaining
charge cycles before a discharge capacity lower limit is
reached or the number of remaining charge cycles before
a discharge time lower limit is reached.

[0015] In other embodiments, an apparatus is dis-
closed thatincludes a resistance component determining
unit that determines a solution resistance (Rgp,) and a
charge transfer resistance (Rq) of a battery; a charge-
discharge unit that performs step-down charging and dis-
charging on a battery pack containing the at least one
battery; a battery capacity determining unit that deter-
mines battery capacities at respective C rates by oper-
ating the charge-discharge unit and controlling charging
and discharging with a plurality of currents; and a present
value indicator calculating unit that acquires history in-
formation containing the battery capacities at the respec-
tive C rates representing characteristics of the battery
and Rgg and R¢, compares the history information with
reference deterioration data to select deterioration data
most similar to the reference deterioration data, turns a
present deterioration state of the battery into numerical
values with respect to the respective characteristics
based on the selected deterioration data, weights the nu-
merical values with coefficients according to a purpose
of future use to generate new numerical values, and adds
up the new numerical values to generate a present value
indicator of the battery.

[0016] The apparatus may also include an AC oscilla-
tor that sweeps AC voltages at a plurality of frequencies
and applies the AC voltages to both ends of at least one
battery; and a voltage measuring unitand a currentmeas-
uring unit that respectively measure a voltage change
and a current change caused at the both ends of the at
least one battery at each of the frequencies, wherein the
resistance component determining unit determines an
impedance of the battery at each frequency as a complex
representation from the measured voltage change and
the measured current change at each of the frequencies,
and determines the solution resistance Rgp and the
charge transfer resistance Ry of the battery so that an
impedance of an equivalent circuit containing Rgo, and
Rc is fitted to the impedance in the complex represen-
tation. The apparatus may also include an AC oscillator
that applies AC voltages having sine waves superim-
posed thereon at a plurality of frequencies, to both ends
of at least one battery; and a voltage measuring unit and
a currentmeasuring unitthat respectively measure a volt-
age change and a current change caused at the both
ends of the at least one battery with the applied AC volt-
ages, wherein the resistance component determining
unit determines an impedance of the battery at each fre-
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quency as a complex representation by performing Fou-
rier transformations on waveforms of the voltage change
and the current change, and determines the solution re-
sistance Rgp, and the charge transfer resistance R of
the battery so that an impedance of an equivalent circuit
containing Rgo, and Rqy is fitted to the impedance in the
complex representation.

[0017] In other embodiments, an apparatus is dis-
closed thatincludes a resistance component determining
unit that determines a solution resistance Rgo_ and a
charge transfer resistance Rt of a battery; a charge unit
that performs step-down charging on a battery pack con-
taining the at least one battery; a time information acquir-
ing unit that controls charging with a plurality of step-
down currents by operating the charge unit, and acquires
information about time from an end of charging with a
first current to an end of charging with a last current; and
a present value indicator calculating unit that acquires
history information containing the time information rep-
resenting characteristics of the battery and Rgo, and
Rc, compares the history information with reference de-
terioration data to select deterioration data that is the
most similar to the reference deterioration data, turns a
present deterioration state of the battery into numerical
values with respect to the respective characteristics
based on the selected deterioration data, weights the nu-
merical values with coefficients according to a purpose
of future use to generate new numerical values, and adds
up the new numerical values to generate a present value
indicator of the battery.

[0018] In other embodiments, a battery pack is dis-
closed that includes a battery module that has at least a
plurality of batteries connected in series; a voltage and
temperature measuring unit that measures voltages and
temperatures of the batteries; a communication terminal
that connects communication lines for exchanging infor-
mation with a diagnosis device; a first terminal that con-
nects lines extending from both ends of the at least one
battery; a second terminal that connects lines extending
from both ends of the battery module; and line conduction
holes for connecting to both ends of the at least one bat-
tery being formed in an exterior of the battery module.
The battery capacities and Rgg, and Rqt are acquired
from the connected diagnosis device via the communi-
cation terminal, and the battery capacities, Rgo, and
RcT, and temperature information measured by the volt-
age and temperature measuring unit are stored as history
information in a memory. The time information and Rgo.
and Rgt are acquired from the connected diagnosis de-
vice via the communication terminal, the time informa-
tion, Rgo and R¢t, and temperature information meas-
ured by the voltage and temperature measuring unit are
stored as history information in a memory, and the time
information is information about time from an end of
charging with a first current to an end of charging with a
last current, the time information being acquired by the
diagnosis device controlling charging of the battery with
a plurality of step-down currents.
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[0019] In other embodiments, a method is disclosed
that includes accumulating history information by con-
necting a diagnosis device to a battery and acquiring bat-
tery capacities at respective C rates and Rgg and R¢;
acquiring the history information containing the battery
capacities at the respective C rates representing char-
acteristics of the battery and Rgn and Rqt, comparing
the history information with reference deterioration data
to select deterioration data most similar to the reference
deterioration data, and turning a present deterioration
state of the battery into numerical values with respect to
the respective characteristics, based on the selected de-
terioration data; and weighting the numerical values with
coefficients according to a purpose of future use, and
adding up the new numerical values to create an indicator
of a present value of the battery.

[0020] In other embodiments, a method is disclosed
that includes accumulating history information by con-
necting a diagnosis device to a battery and acquiring time
information and Rgg, and Rqr; acquiring the history in-
formation containing the time information representing
characteristics of the battery and Rgp, and Rqt, com-
paring the history information with reference to deterio-
ration data to select deterioration data most similar to the
reference deterioration data, and turning a present dete-
rioration state of the battery into numerical values with
respect to the respective characteristics, based on the
selected deterioration data; and weighting the numerical
values with coefficients according to a purpose of future
use, and adding up the new numerical values to create
an indicator of a present value of the battery, the time
information being information about time from an end of
charging with a first current to an end of charging with a
last current, the time information being acquired by the
diagnosis device controlling charging of the battery with
a plurality of step-down currents.

[0021] In other embodiments, a method is disclosed
that includes determining a solution resistance Rsol and
a charge transfer resistance Rct of a battery; and provid-
ing an estimate of the present value of the battery by:
comparing Rsol and Rct to historical deterioration tran-
sition information; estimating the number of remaining
charge cycles before a discharge capacity lower limit is
reached by the battery using the comparison; and esti-
mating the number of remaining charge cycles before a
discharge time lower limit is reached by the battery using
the comparison. The estimate of the present value of the
battery comprises the smaller of the number of remaining
charge cycles before a discharge capacity lower limit is
reached or the number of remaining charge cycles before
a discharge time lower limit is reached. Rsol is used to
estimate the number of remaining charge cycles before
a discharge capacity lower limit is reached. Rct is used
to estimate the number of remaining charge cycles before
a discharge time lower limit is reached.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1 is a graph showing the respective tran-
sitions of indicators related to the performance of a sec-
ondary battery;

[0023] FIG. 2 is a diagram showing a connection be-
tween a diagnosis device and a battery pack;

[0024] FIG. 3 is a flowchart showing the measuring
operations to be performed by the controller in the diag-
nosis device;

[0025] FIG. 4 is a graph showing measurement results
in Cole-Cole plot;

[0026] FIG. 5is a diagram of an equivalent circuit of a
battery to be used in fitting;

[0027] FIG. 6 shows an example of the information
stored in the nonvolatile memory;

[0028] FIG. 7 illustrates a method of calculating the
numbers of cycles that can be used;

[0029] FIG. 8 is a flowchart showing the operations to
determine the capacities at the respective C rates by per-
forming charging and discharging;

[0030] FIG. 9 is a graph showing the relationships
among the cumulative current amounts obtained by per-
forming charging and discharging;

[0031] FIG. 10 shows examples of the reference infor-
mation with respect to the capacities at the respective C
rates;

[0032] FIG. 11 shows examples of the reference infor-
mation with respect to Rgg, and Re;

[0033] FIG. 12 shows a score table for determining
scores;
[0034] FIG. 13 shows a coefficient table that shows

the coefficients according to the purposes of use of bat-
teries; and

[0035] FIG. 14 shows the relationship between time
T4 and time T4 obtained by performing charging.

DETAILED DESCRIPTION OF THE EMBODIMENTS

[0036] According to an embodiment, a diagnosis de-
vice includes: a resistance component determining unit
that determines the solution resistance Rggy, and the
charge transfer resistance R of a battery; and an indi-
cator calculating unit that refers to deterioration transition
information about Rg, and Rt each having the number
of used cycles as a parameter, estimates the present
number of used cycles of one resistance component of
the determined Rg and Rgr whichever has the larger
deterioration, and sets an indicator indicating the present
value of the battery with the use of the estimated present
number of used cycles, the indicator being the smaller
one of the number of remaining cycles required for the
discharged capacity to reach its lower limit and the
number of remaining cycles required for the discharge
time to reach the lower limit.

[0037] According to another embodiment, a battery
pack that is capable of connecting to the above diagnosis
device includes: a battery module that has at least a plu-
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rality of cells connected in series; a voltage and temper-
ature measuring unit that measures voltages and tem-
peratures of the cells; a communication terminal that con-
nects communication lines for exchanging information
with the diagnosis device; a first terminal that connects
lines extending from both ends of the at least one cell;
and a second terminal that connects lines extending from
both ends of the battery module, line conduction holes
for connecting to both ends of the one cell being formed
in the exterior of the battery module.

[0038] According to yet another embodiment, a meth-
od of creating a battery value indicator includes: accu-
mulating history information by connecting a diagnosis
device to a battery and acquiring the battery capacities
at respective C rates and Rgg and Rq; acquiring the
history information containing the battery capacities at
the respective C rates representing the characteristics
of the battery and Rgg, and Rqt, comparing the history
information with reference deterioration data to select de-
terioration data most similar to the reference deterioration
data, and turning the present deterioration state of the
battery into numerical values with respect to the respec-
tive characteristics, based on the selected deterioration
data; and weighting the numerical values with coeffi-
cients according to the purpose of future use, and adding
up the new numerical values to create the indicator of
the present value of the battery. The C rate is a current
value in which the battery nominal capacity can be dis-
charged in one hour. For instance, 8 C shows the current
value eight times the current of 1 C. 1 C of 20Ah cell is
20A.

[0039] Normally, the internal resistance of a battery
often means the DC resistance component existing in-
side the battery. However, when a DC voltage continues
to be applied to a battery, ions concentrate on electrodes
with time, and current ceases to flow smoothly. This phe-
nomenon implies that there exists not only the ohmic re-
sistance but also an impedance component that causes
a phase difference between the current and the voltage.
[0040] In a battery, there normally exist a solution re-
sistance RsolL that is a DC resistance component and
results from an electrolytic solution, and a charge transfer
resistance Rt that is an AC resistance component. A
first embodiment of the present disclosure provides a
method of determining the present value of a secondary
battery by taking into consideration both of the resistance
components Rqt and Rgg, .

[0041] FIG. 1isadiagram showing the respective tran-
sitions of indicators related to the performance of a sec-
ondary battery. The abscissa axis in FIG. 1 indicates the
number of used cycles of the secondary battery. The left-
side ordinate axis indicates the continuous discharge
time (min) and the discharged capacity (Ah), and the
right-side ordinate axis indicates Rt (M) and Rgo
(mQ).

[0042] AsshowninFIG.1,Rgq, linearlyincreases until
900 cycles, but, after that, rapidly increases almost in a
discontinuous manner. When this rapid increase in re-
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sistance is sensed, an acceleration in deterioration of the
battery can be detected. On the other hand, as can be
seen from the transition curves of the continuous dis-
charge time and the discharged capacity shown as the
indicators of the performance of the secondary battery,
performance deterioration is detected around 700 cycles
prior to the change of Rg, . However, the transition curve
of Rgp does not show a transition to an increasing ten-
dency around 700 cycles. Therefore, it becomes appar-
ent that deterioration cannot be detected only by meas-
uring Rgpy -

[0043] On the other hand, Rqr already indicates an
increasing tendency around 700 cycles, and this tenden-
cy becomes more remarkable around 900 cycles
[0044] Normally, film is deposited on the surfaces of
electrodes due to use of a secondary battery, and Rt
increases accordingly. In a case where film is deposited
on the surfaces of electrodes, Rqt increases linearly.
When the crystalline structures of the electrodes collapse
or an electrode miniaturization phenomenon called "bulk
cracking" is caused in a secondary battery, film is also
deposited in the gaps in the miniaturized structure. Since
the surface areas of the electrodes become larger as the
electrodes are miniaturized, Rt increases at an accel-
erated rate. The Rt curve in FIG. 1 exactly shows this
feature.

[0045] Phenomena such as the crystalline structure
collapse and the bulk cracking do not affect the DC re-
sistance component Rg at first. After a while, however,
the growth of the film formed on the electrodes is accel-
erated, and the battery performance tends to deteriorate
rapidly.

[0046] The transition curve of Rgq, indicates this as-
pect, as Rgpo does not show a change in its increasing
tendency around 700 cycles but rapidly increases after
900 cycles.

[0047] In view of the above, battery deterioration can-
not be accurately predicted only by measuring Rgg, , and
it is necessary to measure Rt as well.

[0048] Next, a method of measuring Rgg, and Ret is
described.
[0049] FIG. 2 is a diagram showing a connection be-

tween a diagnosis device 100 and a battery pack 200
according to the first embodiment. The battery pack 200
is normally mounted in an electric vehicle or the like, and
supplies power. The diagnosis device 100 is connected
to the battery pack 200, and measures Rgg, and Re.
[0050] In the battery back 200, battery modules 201
and 202 are connected in series, to form an assembled
battery. In FIG. 2, the number of battery modules con-
nected in series is two, but may be an arbitrary number
of two or larger. Each of the battery modules includes
eight cells, but may include two or more cells or an arbi-
trary number of cells. Furthermore, the cells may not be
connected in series, and may be connected in parallel
instead.

[0051] The positive electrode of the assembled battery
is connected to a connecting terminal 203, and the neg-
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ative electrode is connected to a connecting terminal 204
via a current detector 212.

[0052] Holes are formed in the exterior of each of the
battery modules, and the wires from the positive elec-
trode and the negative electrode of one cell are connect-
ed to a terminal 205. The signal lines from the diagnosis
device 100 for measuring Rgpo, and Rqt are connected
to the terminal 205.

[0053] Theterminals of the cells of the battery modules
201 and 202 are also connected to a voltage and tem-
perature measuring unit 211. The voltage and tempera-
ture measuring unit 211 periodically measures the volt-
ages and temperatures of the cells included in the battery
modules 201 and 202, for the purpose of monitoring.
[0054] The measurement information from the voltage
and temperature measuring unit 211 is input to a BMS
(Battery Management System) 210. The BMS 210 also
receives current values detected by the current detector
212 via a signal line (not shown). The BMS 210 collects
the above-described voltages, temperatures, and current
values, and calculates an indicator such as the state of
charge (SOC), based on the collected values.

[0055] The BMS 210 further communicates with exter-
nal devices (such as an automobile engine control device
ECU and the diagnosis device 100) via a communication
terminal 206, to exchange various kinds of information.
The BMS 210 also stores collected information, calculat-
ed information, exchanged information into a nonvolatile
memory 213.

[0056] The diagnosis device 100 includes an AC im-
pedance technique measuring unit 110, a charge-dis-
charge unit 120, a start switch 121, and a controller 122.
[0057] The AC impedance technique measuring unit
110 includes an AC oscillator 111, a voltage measuring
unit 112, and a current measuring unit 113. The AC im-
pedance technique measuring unit 110 supplies AC volt-
ages swept at frequencies from the AC oscillator 111 to
the battery via the terminal 205. The AC impedance tech-
niqgue measuring unit 110 measures voltages and cur-
rents with the voltage measuring unit 112 and the current
measuring unit 113.

[0058] The charge-discharge unit 120 is capable of
performing rapid charging and discharging. The positive
electrode of the charge-discharge unit 120 is connected
to the connecting terminal 203 of the battery pack 200,
and the negative electrode of the charge-discharge unit
120 is connected to the connecting terminal 204 of the
battery pack 200.

[0059] The controller 122 controls the operation of the
charge-discharge unit 120, and measures Rgn and R,
based on measurement signals transmitted from the AC
impedance technique measuring unit 110. The start
switch 121 instructs the controller 122 about the timing
to start a measuring operation.

[0060] The -controller 122 is connected to the
charge-discharge unit 120, and to the AC oscillator 111,
the voltage measuring unit 112, and the current meas-
uring unit 113 in the AC impedance technique measuring
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unit 110, by communication lines. The controller 122 is
further connected to the BMS 210 of the battery pack 200
by a communication line.

[0061] Next, the operations to be performed by the di-
agnosis device 100 to measure Rgg, and Rqt are de-
scribed.

[0062] To make a periodic diagnosis of an electric ve-
hicle, the measurer disconnects the battery pack 200
from the electric vehicle, and connects the battery pack
200 to the diagnosis device 100. After connecting the
battery pack 200 and the diagnosis device 100 as shown
in FIG. 2, the measurer starts to carry out measurement.
[0063] FIG. 3is aflowchart showing the gist of a meas-
uring operation to be performed by the controller 122 of
the diagnosis device 100.

[0064] In step SO1, the controller 122 senses that the
battery pack 200 is connected to the diagnosis device
100 and the start switch 121 is pressed. In step S02, the
controller 122 communicates with the BMS 210, and re-
ceives the current SOC of the battery.

[0065] In step S03, the controller 122 exchanges in-
formation with the BMS 210 through communications,
and performs an operation to set the current SOC of the
battery at 50%. Specifically, if the SOC is 50% or higher,
the controller 122 controls the rapid charge-discharge
unit to perform discharging. If the SOC is lower than 50%,
the controller 122 controls the rapid charge-discharge
unit to perform charging.

[0066] Here, the SOC is set at 50%, so as to prevent
the battery from being overcharged or over-discharged
in the charging or discharging during the AC impedance
measurement to be carried out later. Since the SOC cal-
culated by the BMS 210 is the SOC of the entire battery
pack 200, itis not possible to determine whether the SOC
of the cell to be subjected to the AC impedance meas-
urement is 50%, based on the result of the procedure of
step S03. However, the operation to set the SOC at 50%
is performed to prevent an overcharged state as de-
scribed above, and therefore, the SOC of the cell may
not be exactly 50%.

[0067] In step S04, the AC impedance technique
measuring unit 110 sweeps an AC voltage having a volt-
age amplitude of =10 mV in 10-fold increments in the
range of 1 mHz to 100 kHz in frequency (1 mHz, 10 mHz,
100 mHz, ..., 1000 kHz), and applies the AC voltage to
the cell. In conjunction with this operation, the current
measuring unit 113 and the voltage measuring unit 112
measure the current and the voltage in the cell, respec-
tively.

[0068] The controller 122 then acquires the waveforms
representing the change of current and the change of
voltage at each frequency from the current measuring
unit 113 and the voltage measuring unit 112. The con-
troller 122 then extracts the real part and the imaginary
part from the complex representation of the impedance
obtained from the current-voltage ratio.

[0069] In step SO05, the controller 122 normally ex-
presses the measurement data about each frequency by
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using an expression method called the Cole-Cole plot or
the complex plane plot.

[0070] FIG.4isagraphshowing measurementresults
expressed by the Cole-Cole plot. In FIG. 4, the ordinate
axis indicates the imaginary part of the impedance, and
the abscissa axis indicates the real part of the impedance.
The measurement points are plotted with triangular
marks at the respective frequencies at which sweeping
is performed.

[0071] In step S06, the controller 122 determines the
respective parameters of an equivalent circuit of the bat-
tery by performing fitting, so that the parameters match
the obtained measurement values.

[0072] FIG. 5is a diagram showing the equivalent cir-
cuit of the battery that is used in the fitting. According to
this equivalent circuit, the impedance of C can be ignored
at the high-frequency region, and the equivalent circuit
is equivalent to a circuit involving only Rgq, . Therefore,
the imaginary part of the circuit impedance becomes ze-
ro. Accordingly, the distance from the point of origin in
the Cole-Cole plot to the point where the plotting is per-
formed on the real part axis for the first time is equivalent
to Rgp - In the low-frequency region, the impedance of
C is regarded as infinite, and the diameter of the semi-
circular curve representing the fitting result is equivalent
to Rer.

[0073] The above described equivalent circuit is a
model expressing the impedance of a battery, and there
are other variations of equivalent circuits. This embodi-
ment maintains that Rgg, and Rt are determined by
performing fitting to an equivalent circuit expressing the
impedance.

[0074] Other than the above described method, the
following method of performing fitting to an equivalent
circuit may be used. The AC oscillator 111 applies an AC
current having the sine wave of each frequency super-
imposed thereon in advance. The controller 122 deter-
mines the impedance components corresponding to the
respective frequencies by performing Fourier transfor-
mations on the obtained voltage and current waveforms.
[0075] Instep S07, the controller 122 transmits the ob-
tained Ry, and Rt to the BMS 210 via a communica-
tion line.

[0076] The BMS 210 encrypts the information about
the temperatures and voltages of the respective compo-
nents of the battery pack measured by the voltage and
temperature measuring unit 211, as well as the transmit-
ted Rgo. and Rcq1. After that, the BMS 210 stores the
information into the nonvolatile memory 213. FIG. 6 is a
diagram showing an example of the information stored
in the nonvolatile memory 213.

[0077] Although one specific cell in the battery pack is
subjected to measurement in the above described em-
bodiment, measurement may be carried out on more than
one cell. Also, the cell to be subjected to measurement
is not limited to one that is located in the center portion
of a battery module, but may be one that is located on
an end portion where the temperature condition is poor.
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The above described measurement can be carried out
on all the cells in the battery pack, but such an operation
leads to an increase of the cost of the diagnosis device
100. The number of cells to be subjected to measurement
may be determined by taking into consideration the re-
lationship with the cost increase.

[0078] Next,amethod of determining the presentvalue
of the battery is described.

[0079] The present value of the battery is determined
by calculating the number of remaining usable cycles,
based on the obtained Rgp, and Rt and deterioration
tendency data obtained through a battery evaluation.
[0080] FIG. 7 is a graph illustrating a method of cal-
culating the number of usable cycles. In FIG. 7, the tran-
sition of the data about the deterioration tendency of
standard battery performance under certain conditions
of use is shown with the number of used cycles as the
common parameter. The coordinates of the graph of FIG.
7 are the same as the coordinates of the graph of FIG.
1, and therefore, a detailed explanation of them is not
provided herein.

[0081] Asaresultof measurementofresistance values
at a certain point, Rgg, was 20 mQ, and Rt was 5 mQ.
The respective measurement points are plotted on the
RsoL and Ret curves in FIG. 7. In FIG. 7, the measure-
ment points are indicated by triangular marks and circular
marks.

[0082] While the Rgp, curve shows that about 600 cy-
cles have been used, the Rt curve shows that about
700 cycles have been used. As can be seen from these
curves, Rt has deteriorated more than Rgg, has. Ac-
cordingly, Rt is used as the indicator for determinations
in the procedures thereafter.

[0083] However, in a case where the lower limit per-
formance of a battery to be used in an electric vehicle
shows a discharged capacity of 6 Ah or higher and a
discharge time of 8 minutes, the number of cycles re-
quired to reach the respective lower limit values is cal-
culated from the current number of cycles (700 cycles)
determined from Rqr.

[0084] When the discharge time reaches the lower lim-
it, the number of cycles is 950, and therefore, the number
ofremaining cycles is 250. When the discharged capacity
reaches the lower limit, the number of cycles is 900, and
therefore, the number of remaining cycles is 200.
[0085] Since the number of remaining cycles required
for the discharged capacity to reach the lower limit can
be predicted to be smaller than the number of remaining
cycles required for the discharge time to reach the lower
limit, the present value of the battery is determined to be
the remaining 200 cycles that can be used in this exam-
ple.

[0086] The relationships between the discharged ca-
pacity and discharge time, and Rgg, and Rqt vary with
the types of batteries. Therefore, the respective refer-
ence curves shown in FIG. 7 are formed in accordance
with the type of the battery and the like.
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[Second Embodiment]

[0087] A second embodiment differs from the first em-
bodiment in that the present value of a battery is deter-
mined with the use of a measured current capacity as
well as the measured Rg, and Rqt. Therefore, the same
components as those of the first embodiment are denot-
ed by the same reference numerals as those used in the
first embodiment, and a detailed explanation of them is
not provided herein.

[0088] In the second embodiment, in a periodic diag-
nosis of an electric vehicle or the like, Rgg and Rq1 are
measured while the battery pack 200 is connected to the
diagnosis device 100, as in the first embodiment.
[0089] Next, the capacities of a battery at different C
rates are measured.

[0090] The charge-discharge unit 120 of the diagnosis
100 has the functions to perform step-down discharging
and step-down charging, and is capable of measuring
the battery capacities at the respective Crates: 1 C,2C,
4 C,and 8 C.

[0091] FIG. 8 is a flowchart showing the gist of an op-
eration to determine the capacities at the respective C
rates by performing charging or discharging.

[0092] In step S11, the controller 122 is switched to a
mode for controlling charging and discharging. When the
start switch 121 is switched on, in step S12, the controller
122 first controls the charge-discharge unit 120 to per-
form 8 C discharging. Here, a "1 C" means the current
observed when the nominal capacity is discharged in one
hour. Accordingly, an "8 C" indicates that discharging is
performed with a current eight times larger than the 1 C
current.

[0093] Instep S13, when sensing that the total voltage
of the battery pack 200 has reached a threshold voltage
V, set for detecting over discharge through a communi-
cation with the BMS 210, the controller 122 stops the
discharging. The controller 122 then obtains the dis-
charged cumulative current amount Q_; at this point
through a communication with the BMS 210, and records
the cumulative current amount Q ;.

[0094] In step S14, the controller 122 controls the
charge-discharge unit 120 to start 4 C discharging. As
the 4 C discharge current that is smaller than 8 C dis-
charge current is used, the voltage decrease due to in-
ternal resistance becomes smaller. Accordingly, the total
voltage of the battery pack 200 becomes higher than the
threshold voltage V|, and further discharging can be per-
formed. In step S15, sensing that the total voltage has
reached the threshold voltage V| as in the case of the 8
C discharging, the controller 122 stops the discharging,
and records the cumulative current amount Q| , dis-
charged during that time.

[0095] In step S16, the controller 122 controls the
charge-discharge unit 120 to start 2 C discharging. In
step S17 through step S19, the same procedures as
above are carried out until 1 C discharging is performed,
and the cumulative current amounts Q3 and Q4 are
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obtained.

[0096] In step S20, the controller 122 controls the
charge-discharge unit 120 to perform 8 C charging. In
step S21, sensing that the total voltage of the battery
pack 200 has reached a threshold voltage V}, for detect-
ing overcharge, the controller 122 controls the charge-
discharge unit 120 to stop the charging, and records the
cumulative current amount Qp4 discharged during that
time.

[0097] In step S22, the controller 122 controls the
charge-discharge unit 120 to perform 4 C charging. In
step S23 through step S27, the same procedures as
above are carried out until 1 C charging is performed,
and the cumulative current amounts Qp, Qp3, and Qpyy
are obtained. The charging and discharging are then
stopped. In step S28, the controller 122 calculates the
capacities at the respective C rates.

[0098] FIG. 9 is a diagram showing the relationships
among the cumulative current amounts Q ; through Q| 4
and Qg4 through Q4 obtained through charging and dis-
charging. The controller 122 calculates the capacities at
the respective C rates, according to the equations shown
in the lower part of FIG. 9.

[0099] After that, the controller 122 notifies the BMS
210 of the respective battery pack capacitiesat1 C, 2 C,
4 C, and 8 C. After encryption, the BMS 210 records the
temperatures for the charging and discharging, and the
capacities at the respective C rates into the nonvolatile
memory 213. The contents recorded here are the infor-
mation shown in FIG. 6 as well as the capacities at the
respective C rates.

[0100] Next,amethod of determining the presentvalue
of the battery pack 200 is described.

[0101] The controller 122 communicates with the BMS
210, to acquire the history information about the past
RsoL and Rct, and the battery capacities at the respec-
tive C rates. The controller 122 then extracts the infor-
mation corresponding to the measurement temperatures
of 15 to 25°C from the acquired history information. The
measurement temperatures are used for the extraction,
because the performance of the battery is affected by
temperatures. The temperature range may be deter-
mined by the characteristics of the battery and the region
where the automobile having the battery mounted therein
is used.

[0102] The acquired history information is then plotted
as Cartesian coordinates, with the abscissa axis being
the time axis. The plotted history information is compared
with reference information. The reference information is
the data that indicates the deterioration tendency of the
battery measured under various conditions to evaluate
the battery pack. Information as to different temperature
conditions is prepared, and the information as to the tem-
perature condition most similar to a designated temper-
ature condition is selected as the reference information.
The reference information includes more than one pat-
tern for a single temperature condition.

[0103] FIG. 10 is graphs showing examples of the ref-
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erence information with respect to the capacities at the
respective C rates. FIG. 11 is graphs showing examples
of the reference information with respect to Rgg and
Ret

[0104] The upper-left coordinates in FIG. 10 are de-
scribed as an example. The history information about the
battery capacity at the rate of 8 C obtained through meas-
urement is plotted. This history information is indicated
by triangular marks. The pattern most similar to the his-
tory information is selected from the respective patterns
(patterns A through C) shown as reference information.
In this example, the pattern A is selected.

[0105] Patterns are selected from the other indicators
in the same manner as above. As a result, the pattern B
is selected for the battery capacity at the rate of 4 C, as
showninFIG. 10. The pattern C is selected for the battery
capacity at the rate of 2 C. The pattern A is selected for
the battery capacity at the rate of 1 C. As shown in FIG.
11, the pattern C is selected for Rg, . The pattern B is
selected for Rer.

[0106] Next, a score is determined for each indicator.
[0107] FIG. 12 shows score tables for determining
scores. The age of service of the battery is two years.
[0108] As for the battery capacity at the rate of 8 C,
the pattern A is selected, and accordingly, the score is
9. As for the battery capacity at the rate of 4 C, the pattern
B is selected, and accordingly, the score is 7. As for the
battery capacity at the rate of 2 C, the pattern C is se-
lected, and accordingly, the score is 6. As for the battery
capacity at the rate of 1 C, the pattern A is selected, and
accordingly, the score is 9. As for Rgg , the pattern C is
selected, and accordingly, the score is 5. As for R, the
pattern B is selected, and accordingly, the score is 7.
[0109] Inthe above mentioned score tables, the higher
the score, the higher the value. However, the value of
the battery cannot be correctly evaluated simply by add-
ing up the scores, because the scores determined here
are the scores based on the past history. The value of
the battery should be determined in terms of future use.
[0110] Therefore, eachindicatoris weightedinaccord-
ance with the type of future use or the purpose of use.
[0111] FIG. 13 shows a coefficient table that shows
coefficients suitable for respective purposes of use of a
battery. The values obtained by multiplying the above
indicators by the coefficients obtained from this coeffi-
cient table are the present values of the battery pack.
[0112] For example, the value of a battery to be used
for a vehicle in the future is 26.6 (=9x1+7 x 0.5+ 6 x
0.2+9x0.1+5x1.0+7 x 1.0). The value of a battery
to be used for a motorcycle in the future is 19.7 (= 9 x
04+7x05+6x03+9x03+5x05+7x0.8).
[0113] As described above, the history information is
acquired for the respective characteristics of the battery,
and, based on the history information, the deterioration
state is turned into numerical values with respect to the
respective characteristics. The obtained numerical val-
ues are weighted with the coefficients according to the
future use, and new numerical values are obtained. The
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numerical values are added up, and the resultant value
is used as the evaluation value for the battery. In this
manner, the present value of the battery can be reason-
ably determined.

[0114] Also, Rgo. and Rqt are used as the character-
istics of the battery to be used, so that the deterioration
state of the battery can be determined with high precision.

[Third Embodiment]

[0115] In the second embodiment, the charging and
discharging operations by the charge-discharge unit 120
are controlled to measure the battery capacities with the
respective currents of 1 C, 2 C, 4 C, and 8 C. The third
embodiment differs from the second embodiment in that
the indicators are measured only through charging op-
erations. Therefore, the same components as those of
the first embodiment are denoted by the same reference
numerals as those used in the first embodiment, and a
detailed explanation of them is not provided herein.
[0116] FIG. 14 shows the relationship between time
T4 and time T4 obtained through charging. Referring
to FIG. 14, the operations of the controller 122 are de-
scribed.

[0117] The diagnosis device 100 is connected to the
battery pack 200, the controller 122 is switched to the
mode for controlling charging, and the start switch 121
is switched on. The controller 122 then controls the
charge-discharge unit 120 to perform 8 C charging. When
sensing that the total voltage of the battery pack 200 has
reached the threshold voltage Vy for detecting over-
charge through a communication with the BMS 210, the
controller 122 controls the charge-discharge unit 120 to
stop the charging. The controller 122 then records the
time Ty at that point, and performs 4 C charging.
[0118] Inthe 4 C charging, when sensing that the total
voltage of the battery pack 200 has reached the threshold
voltage V for detecting overcharge, the controller 122
stops the charging. The controller 122 then performs 2
C charging and 1 C charging in the same manner as
above, and records the time Ty, when the 1C charging
is finished.

[0119] After that, the controller 122 notifies the BMS
210 in the battery pack 200 of the obtained time informa-
tion (Tps — THq). The BMS 210 encrypts the tempera-
tures for the charging and the time information (T, —
Th4), and then records the encrypted information into the
nonvolatile memory 213.

[0120] As the battery deteriorates and the internal re-
sistance of the battery becomes higher, the above de-
scribed time (T, — Ty4) is considered to also become
longer. Accordingly, the above described time can re-
place the deterioration tendency indicator of a battery
capacity when a large amount of current flows.

[0121] By the evaluation method utilizing the diagnosis
device 100 described in the first embodiment of the
present disclosure, the present value of a battery to be
used in the future can be determined with high precision.
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By the determination method utilizing the diagnosis de-
vice 100 typically embodied by the second embodiment,
a value calculation can be performed in accordance with
the purpose of future use. By the diagnosis method de-
scribed in the third embodiment, the time from the end
of high-rate charging in step-down charging to the end
of low'rate charging is used as a substitute indicator of
a battery capacity at a high rate. By this method, the
charge-discharge unit 120 does not need to have a dis-
charging function. Accordingly, the design of the diagno-
sis device 100 can be simplified, and the costs can be
lowered. Also, the BMS 210 encrypts measured data and
stores the encrypted data into a data storage such as a
nonvolatile memory. Accordingly, falsification of data can
be prevented, and an accurate and fair calculation of the
value of a battery can be guaranteed.

[0122] In the above described embodiments, the his-
tory information is stored in the nonvolatile memory 213
of the battery pack 200. However, the present disclosure
is not limited to that, and the history data may be collec-
tively stored in a data management company that collec-
tively manages the information for evaluating battery val-
ues, for example. In the data management company, the
battery value determination performed by the diagnosis
device of each embodiment may be performed.

[0123] Therespective functions described inthe above
embodiments may be formed by using hardware, or may
be realized by a computer reading a program specifying
the respective functions with the use of software. Alter-
natively, the respective functions may be formed by se-
lecting software or hardware as needed.

[0124] Further, the respective functions may be real-
ized by a computer reading a program stored in a record-
ing medium (not shown). The recording medium in this
embodiment may have any kind of recording format, as
long as programs can be recorded in the recording me-
dium and can be read by a computer.

[0125] The present disclosure is not limited to the
above described embodiments, and modifications may
be made to the components of them in a practical phase,
without departing from the scope of the invention.
[0126] Also, various inventions can be developed by
appropriately combining the components disclosed in the
above described embodiments. For example, some of
the components disclosed in the above embodiments
may be eliminated. Further, components selected from
two or more of the above embodiments may be combined
where appropriate.

[0127] Asdescribed so far, the present disclosure can
provide a method of determining the deterioration state
of a battery with high precision, and rational present value
indicators of a battery in accordance with the purpose of
future use.

Claims

1. An apparatus comprising
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a resistance measuring unit operable to deter-
mine a solution resistance Rsol and a charge
transfer resistance Rct of a battery (201); and
at least one computer-readable non-transitory
storage medium (213) comprising code, that,
when executed by at least one processor (122,
210), is operable to provide an estimate of the
present value of the battery (201) by:

comparing Rsol and Rct to historical dete-
rioration transition information;

estimating the number of remaining charge
cycles before a discharge capacity lower
limit is reached by the battery (201) using
the comparison; and

estimating the number of remaining charge
cycles before a discharge time lower limit is
reached by the battery (201) using the com-
parison.

2. The apparatus according to claim 1, further compris-
ing:

a charge-discharge unit (120) that performs
charging and discharging on a battery pack
(200) containing at least one battery (201),
wherein, in determining Rgpo, and R¢r, the re-
sistance component determining unit (122) con-
trols the charge-discharge unit (120) to adjust a
state of charge SOC of the battery pack (200)
to approximately 50%.

3. The apparatus of claim 1, wherein the estimate of
the present value of the battery (201) comprises the
smaller of the number of remaining charge cycles
before a discharge capacity lower limit is reached or
the number of remaining charge cycles before a dis-
charge time lower limit is reached.

4. An apparatus comprising:

a resistance component determining unit (122)
that determines a solution resistance (Rgp, ) and
a charge transfer resistance (Rq1) of a battery
(201);

a charge-discharge unit (122) that performs
step-down charging and discharging on a bat-
tery pack (200) containing the at least one bat-
tery (201);

a battery capacity determining unit (122) that de-
termines battery (201) capacities at respective
C rates by operating the charge-discharge unit
(120) and controlling charging and discharging
with a plurality of currents; and

a present value indicator calculating unit (122,
210) thatacquires history information containing
the battery capacities at the respective C rates
representing characteristics of the battery and
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RsoL and Re, compares the history information
with reference deterioration data to select dete-
rioration data most similar to the reference de-
terioration data, turns a present deterioration

20

and Rt isfitted to the impedance in the complex
representation.

7. An apparatus comprising:

state of the battery (201) into numerical values 5
with respect to the respective characteristics a resistance component determining unit (122)
based on the selected deterioration data, that determines a solution resistance Rgg, and
weights the numerical values with coefficients a charge transfer resistance Rqt of a battery
according to a purpose of future use to generate (201);
new numerical values, and adds up the newnu- 70 a charge unit (120) that performs step-down
merical values to generate a present value indi- charging on a battery pack (200) containing the
cator of the battery (201). at least one battery (201);
a time information acquiring unit (122) that con-
5. Theapparatus according to claim 1 or 4, further com- trols charging with a plurality of step-down cur-
prising: 15 rents by operating the charge unit (120), and
acquires information about time from an end of
an AC oscillator (111) that sweeps AC voltages charging with afirst current to an end of charging
at a plurality of frequencies and applies the AC with a last current; and
voltages to both ends of at least one battery a present value indicator calculating unit (122)
(201); and 20 that acquires history information containing the
a voltage measuring unit (112) and a current time information representing characteristics of
measuring unit (113) that respectively measure the battery (201) and Rgg and Rqt, compares
a voltage change and a current change caused the history information with reference deteriora-
at the both ends of the at least one battery (201) tion data to select deterioration data that is the
at each of the frequencies, 25 most similar to the reference deterioration data,
wherein the resistance component determining turns a present deterioration state of the battery
unit (122) determines an impedance of the bat- (201) into numerical values with respect to the
tery (201) at each frequency as a complex rep- respective characteristics based on the selected
resentation from the measured voltage change deterioration data, weights the numerical values
and the measured current change ateach ofthe 30 with coefficients according to a purpose of future
frequencies, and determines the solution resist- use to generate new numerical values, and adds
ance Rgo and the charge transfer resistance up the new numerical values to generate a
Rt of the battery (201) so that an impedance present value indicator of the battery (201).
of an equivalent circuit containing Rgg and Rt
is fitted to the impedance in the complex repre- 35 8. A battery pack (200) comprising:
sentation.
a battery module (201, 202) that has at least a
6. Theapparatus accordingto claim 1 or 4, further com- plurality of batteries connected in series;
prising: a voltage and temperature measuring unit (211)
40 that measures voltages and temperatures of the
an AC oscillator (111) that applies AC voltages batteries;
having sine waves superimposed thereon at a a communication terminal (206) that connects
plurality of frequencies, to both ends of at least communication lines for exchanging information
one battery (201); and with a diagnosis device (100);
a voltage measuring unit (112) and a current 45 a first terminal (205) that connects lines extend-
measuring unit (113) that respectively measure ing from both ends of the at least one battery
a voltage change and a current change caused (201);
at the both ends of the at least one battery (201) a second terminal (203, 204) that connects lines
with the applied AC voltages, extending from both ends of the battery module
wherein the resistance component determining 50 (201, 202); and
unit (122) determines an impedance of the bat- line conduction holes for connecting to both
tery (201) at each frequency as a complex rep- ends of the at least one battery (201) being
resentation by performing Fourier transforma- formed in an exterior of the battery module (201,
tions on waveforms of the voltage change and 202).
the current change, and determines the solution 55

resistance Rgg, and the charge transfer resist-
ance R of the battery (201) so that an imped-
ance of an equivalent circuit containing Rgg

9. The battery pack (200) according to claim 8, wherein
battery capacities and Rgg, and Rqt are acquired
from the connected diagnosis device (100) via the

11
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communication terminal (206), and
the battery (201) capacities, Rgo and R, and tem-
perature information measured by the voltage and
temperature measuring unit (211) are stored as his-
tory information in a memory (213).

The battery pack (200) according to claim 8, wherein
time information and Rgg, and Rqt are acquired
from the connected diagnosis device (100) via the
communication terminal (206),

thetime information, Rgo, and R, andtemperature
information measured by the voltage and tempera-
ture measuring unit (211) are stored as history infor-
mation in a memory (213), and

the time information is information about time from
an end of charging with a first current to an end of
charging with a last current, the time information be-
ing acquired by the diagnosis device (100) control-
ling charging of the battery (201) with a plurality of
step-down currents.

A method comprising:

accumulating history information by connecting
a diagnosis device (100) to a battery (201) and
acquiring battery capacities at respective C
rates and Rgg, and Re;

acquiring the history information containing the
battery capacities at the respective C rates rep-
resenting characteristics of the battery and Rgo.
and R, comparing the history information with
reference deterioration data to select deteriora-
tion data most similar to the reference deterio-
ration data, and turning a present deterioration
state of the battery (201) into numerical values
with respect to the respective characteristics,
based on the selected deterioration data; and
weighting the numerical values with coefficients
according to a purpose of future use, and adding
up the new numerical values to create an indi-
cator of a present value of the battery (201).

A method comprising:

accumulating history information by connecting
a diagnosis device (100) to a battery (201) and
acquiring time information and Rgg and Rey;
acquiring the history information containing the
time information representing characteristics of
the battery and Rgp, and Rgt, comparing the
history information with reference to deteriora-
tion data to select deterioration data most similar
to the reference deterioration data, and turning
a present deterioration state of the battery (201)
into numerical values with respect to the respec-
tive characteristics, based on the selected de-
terioration data; and

weighting the numerical values with coefficients
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13.

14.

15.

16.

22

according to a purpose of future use, and adding
up the new numerical values to create an indi-
cator of a present value of the battery (201),

the time information being information about
time from an end of charging with a first current
to an end of charging with a last current, the time
information being acquired by the diagnosis de-
vice (100) controlling charging of the battery
(201) with a plurality of step-down currents.

A method comprising:

determining a solution resistance Rsol and a
charge transfer resistance Rct of a battery (201);
and

providing an estimate of the present value of the
battery (201) by:

comparing Rsol and Rct to historical dete-
rioration transition information;

estimating the number of remaining charge
cycles before a discharge capacity lower
limit is reached by the battery (201) using
the comparison; and

estimating the number of remaining charge
cycles before a discharge time lower limit is
reached by the battery (201) using the com-
parison.

The method of claim 13, wherein the estimate of the
present value of the battery (201) comprises the
smaller of the number of remaining charge cycles
before a discharge capacity lower limit is reached or
the number of remaining charge cycles before a dis-
charge time lower limit is reached.

The method of claim 13, wherein Rsol is used to
estimate the number of remaining charge cycles be-
fore a discharge capacity lower limit is reached.

The method of claim 13, wherein Rct is used to es-
timate the number of remaining charge cycles before
a discharge time lower limit is reached.
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